T ransplantation of allogeneic pancreatic islets has emerged as a promising and clinically feasible treatment for type 1 diabetes (1-4). Unfortunately, current transplantation protocols require chronic administration of immunosuppressive drugs, which poses known risks of infection, organ toxicity (5) , and neoplasia (6) . It is the goal of transplant immunologists to develop a clinically applicable protocol that will induce donorspecific tolerance leading to the survival of functioning allografts in the absence of chronic immunosuppression.
Our experimental approach to achieving transplantation tolerance is a two-step costimulation blockade protocol consisting of a donor-specific transfusion (DST) 3 combined with four peritransplant injections of anti-CD154 mAb (7) . Transplantation using DST and anti-CD154 mAb leads to permanent islet and prolonged skin allograft survival in mice (7, 8) and prolonged allograft survival in nonhuman primates (9 -12) . Anti-CD154 mAb blocks the interaction between CD154 on T cells and CD40 on APCs (13, 14) and, when combined with DST, leads to the deletion of host alloreactive CD8 ϩ T cells (15) . Deletion of host alloreactive CD8 ϩ T cells appears to be a necessary component of the mechanism by which costimulation blockade induces prolonged allograft survival (16 -18) .
Concerns to the potential use of costimulation blockade in the clinic include the response of the host to infectious agents during costimulation blockade and the susceptibility of this protocol to environmental perturbation. We have reported that mice infected with lymphocytic choriomeningitis virus (LCMV) at the time of DST and anti-CD154 mAb are rendered refractory to the effects of costimulation blockade and rapidly reject their allografts (19) . In contrast, LCMV infection of mice with healed-in allografts has little effect on allograft survival (20, 21) . One possible mechanism by which LCMV may shorten allograft survival is the generation of a virus-specific effector/memory T cell population that crossreacts with alloantigens (22) (23) (24) (25) . Alternatively, viruses are known to activate innate immunity through TLRs (26 -28) , a class of receptors on the surface of APCs that recognize conserved pathogenassociated molecular patterns that occur in bacteria, fungi, and viruses (29) . The TLR family is known to consist of at least 11 members that can activate innate immunity through the TLR-associated adaptor molecule MyD88 (e.g., TLR4) as well as MyD88-independent (e.g., TLR3) pathways (29) .
Both human (30 -32) and murine (33, 34) viruses interact with TLRs, and it has been shown that the antiviral response to LCMV involves MyD88 (33) . The TLR-associated adaptor molecule MyD88 is also necessary for the acute rejection of certain minor alloantigens (35) . Furthermore, TLR agonists are capable of maturing APCs independently of CD40-CD154 interactions (36) . Based on these observations, we hypothesized that activation of TLRs would abrogate the effects of costimulation blockade by bypassing CD40-CD154 interaction requirements for activation of alloreactive T cells.
We observed that treatment with DST plus anti-CD154 mAb activated alloreactive CD8 ϩ T cells, induced their apoptosis, and led to prolonged allograft survival. Coadministration of agonists to TLR2, TLR3, TLR4, or TLR9 at the time of costimulation blockade prevented alloreactive CD8 ϩ T cell apoptosis and shortened allograft survival. Our studies suggest that the underlying mechanism by which the TLR agonists prevent the induction of prolonged skin allograft survival by costimulation blockade is by protecting alloreactive CD8 ϩ T cells from apoptosis through TNFR2 and IL-12R-independent pathways, subsequently leading to alloreactive CD8
ϩ T cell expansion and rapid rejection of the allograft. ϩ T cell TCRtransgenic mice were developed by Dr. A. Mellor (Medical College of Georgia, Augusta, GA) and bred in our animal facility (38) . The TCR transgene is expressed in CBA (H2 k ) mice by CD8 ϩ cells, and the transgenic TCR has specificity for native H2-K b (38) . All animals were certified to be free of Sendai virus, pneumonia virus of mice, murine hepatitis virus, minute virus of mice, ectromelia, lactate dehydrogenase-elevating virus, mouse poliovirus, Reo-3 virus, mouse adenovirus, LCMV, polyoma, Mycoplasma pulmonis, and Encephalitozoon cuniculi. They were housed in a specific pathogen-free facility in microisolator cages, given autoclaved food and acidified water, and maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School and the recommendations in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council, National Academy of Sciences).
Materials and Methods

Animals
Generation of CD8
ϩ KB5 TCR-transgenic synchimeric CBA/J mice To study the fate of host alloreactive CD8 ϩ T cells in mice treated with costimulation blockade, we used KB5 TCR-transgenic hemopoietic chimeras generated as described previously (39) . Briefly, CBA/J nontransgenic mice were treated with 200 cGy of whole body gamma irradiation from a 137 Cs source (Gammacell 40; Atomic Energy of Canada, or Mark I-30 Series 2000 Ci; JL Shepherd & Associates) and given a single i.v. injection of 0.5 ϫ 10 6 KB5 bone marrow cells. To allow sufficient time for hemopoietic chimerism to develop, the KB5 synchimeras received skin allografts at 12-17 wk of age, 8 -12 wk after irradiation and injection of KB5-transgenic bone marrow. We refer to these mice as KB5 synchimeras (39) .
Transplantation procedures
Recipient mice of the specified strain were treated with a DST, anti-CD154 mAb, and given skin allografts, as described previously (8, 40) . Briefly, the DST, consisting of 10 7 splenocytes from female BALB/c or C57BL/6 mice, was injected i.v. in a volume of 0.5 ml; DST was given on day Ϫ7 relative to the day of skin transplantation. Purified hamster anti-mouse CD154 mAb (clone MR1) was obtained from the National Cell Culture Center (Minneapolis, MN). The concentration of contaminating endotoxin was determined by a commercial firm (Charles River Endosafe) and was uniformly Ͻ10 endotoxin units/mg mAb. Mice were injected i.p. with anti-CD154 mAb (0.5 mg/dose) on days Ϫ7, Ϫ4, 0, and ϩ4 relative to the day of skin transplantation. Full-thickness skin grafts 1-2 cm in diameter were obtained from the flanks of donor mice and transplanted onto the dorsal flanks of recipients (8) . Graft rejection was defined as the first day on which the entire graft was necrotic (8, 40) .
Viruses and cell lines
LCMV, strain Armstrong, was prepared in baby hamster kidney cells as previously described (41) . Mice were inoculated i.p. with 5 ϫ 10 4 PFU of LCMV within 4 h after DST treatment. The RMA cell line (H2 b ), a Rauscher virus-induced T cell lymphoma, and the P815 cell line (H2 d ), a DBA/ 2-derived, methylcholanthrene-induced mastocytoma, were maintained in RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 10% FBS (Invitrogen Life Technologies), 100 U/ml penicillin G, 100 g/ml streptomycin sulfate, and 2 mM L-glutamine (Sigma-Aldrich).
Preparation and injection of TLR agonists
Polyinosinic:polycytidylic acid (poly I:C; Sigma-Aldrich) was dissolved in Dulbecco's PBS (D-PBS) at a concentration of 1 mg/ml. Stock was filtered through 0.45-m sterile nylon mesh (BD Biosciences) and stored at Ϫ20°C until needed. The CpG oligonucleotide (5Ј-CT CCC AGC GTG CGC CAT-3Ј) was generated on a phosphorothioate backbone by Trilink BioTechnologies. Upon receipt, lyophilized CpG was suspended in D-PBS and stored at Ϫ20°C until needed. LPS from Escherichia coli 0111:B4 (Sigma-Aldrich) was repurified as previously described (42) , except that phenol-PBS phase separation was conducted at 2000ϫg for 30 min to accommodate larger volumes. Repurified (pLPS) was suspended in D-PBS with an assumed 10% loss during repurification (42) . Purified LPS was stored at 4°C until used. Pam 3 Cys-Ser-(Lys) 4 (EMC Microcollections) was dissolved in D-PBS and stored at Ϫ20°C until needed. Mice were injected i.p. with the indicated ligand and dose in a volume of 0.5 ml of D-PBS within 1 h of DST treatment using ligand doses determined to be active in preliminary dose-titration experiments.
Flow microfluorometry and Abs
A mouse hybridoma cell line secreting the KB5-specific clonotypic Desiré (DES) mAb (43) was a gift from Dr. J. Iacomini (Massachusetts General Hospital, Boston, MA). FITC-conjugated anti-mouse IgG2a developing reagent for DES (clone R19-15), anti-mouse CD8␣-PerCP (clone 53-6.7), anti-mouse CD44-allophycocyanin (clone IM7), anti-human/mouse Ki-67-PE (clone B56), anti-mouse IFN-␥-PE (clone XMG1.2), and purified anti-mouse CD16/32 (clone 2.4G2) mAbs were obtained from BD Pharmingen. Isotype control mAbs and the Annexin V PE Apoptosis Detection kit I, which contains Annexin V PE and 7-AAD, were also obtained from BD Pharmingen.
Single-cell suspensions from spleen or heparinized whole blood were made in RPMI 1640 and washed in D-PBS containing 1% fetal clone serum (HyClone) and 0.1% sodium azide (Sigma-Aldrich). Samples were incubated in anti-CD16/32 for 5 min at 4°C before incubation for 20 min with the clonotypic DES mAb. They were washed and incubated for 20 min with fluorescently labeled Abs to cell surface markers and the secondary development Ab for DES. Samples were processed with FACS lysing solution (BD Biosciences) in accordance with the manufacturer's protocol. Labeled cells were washed, fixed with 1% paraformaldehyde (Polysciences) in D-PBS, and analyzed with a FACSCalibur, FACScan, or LSRII instrument (BD Biosciences) and FlowJo Software (PC version 5.5; Tree Star). Lymphoid cells were gated according to their light-scattering properties.
Annexin V staining
Apoptosis was quantified using the Annexin V PE Apoptosis Detection kit I (BD Pharmingen) according to the manufacturer's instructions. Briefly, RBC were lysed with 0.84% NH 4 Cl solution. The samples were stained with the clonotypic Ab DES in D-PBS supplemented with 1% fetal clone serum and 0.1% sodium azide. The samples were then washed with Annexin V Binding Buffer (BD Pharmingen) and stained with anti-mouse IgG2a-FITC, anti-mouse CD8␣-PE-Cy7, 7-AAD, and Annexin V PE diluted in binding buffer. Samples were analyzed within 2 h of staining with LSRII (BD Biosciences).
Ki-67 staining
Intracellular Ki-67 expression was determined in splenocytes directly ex vivo. RBC were removed from samples with 0.84% NH 4 Cl solution and stained with the clonotypic Ab DES. The samples were washed and stained with anti-mouse IgG 2a -FITC, anti-mouse CD8␣-PerCP, and anti-mouse CD44-allophycocyanin (BD Pharmingen). The samples were then fixed and permeabilized with Cytofix/Cytoperm solution and stained with either anti-human/mouse Ki-67-PE or a mouse IgG 1 k-PE isotype control (clone MOPC-21; BD Pharmingen) diluted in Perm/Wash Buffer (BD Pharmingen). The samples were analyzed with a FACSCalibur (BD Biosciences).
Intracellular IFN-␥ assay
IFN-␥ production was assessed in spleen cells using the BD Cytofix/Cytperm kit plus Golgiplug (BD Pharmingen) as previously described (24, 44) . Briefly, single-cell suspensions were prepared from spleens and RBC were lysed using 0.84% NH 4 Cl. Splenocytes (2 ϫ 10 6 cells) were incubated for 5 h in GolgiPlug and 10 U/ml rIL-2 (R&D Systems) at 37°C in the presence of a syngeneic (RMA, H2 b ) or allogeneic (P815, H2 d ) cell line (0.5 ϫ 10 6 cells per stimulation). Samples were stained with anti-CD8␣-PerCP, followed by fixation with BD Cytofix/Cytoperm and staining with anti-IFN-␥-PE.
Statistics
Statistical analyses were performed with GraphPad Prism software (Graphpad Software). Three or more means were compared by one-way ANOVA and Bonferonni's multiple comparison test. Allograft survival curves were generated by the Kaplan and Meier method and compared by the log-rank test. Duration of allograft survival is presented as the median. Values of p Ͻ 0.05 were considered to indicate statistical significance.
Results
TLR agonists administered at the time of DST and anti-CD154 mAb shorten skin allograft survival
Confirming earlier observations (19 -21), we first documented that infection with LCMV at the time of DST in our costimulation blockade protocol abrogates skin allograft survival. C57BL/6 mice were treated with DST, anti-CD154 mAb, and given BALB/c skin allografts, and then randomly divided into four groups. In group 1, no other treatment was given, and these mice exhibited prolonged allograft survival with a median survival time (MST) of 73 days (n ϭ 17, Fig. 1 ). Group 2 was infected on day Ϫ7 with 5 ϫ 10 4 PFU of LCMV, and skin allograft survival in this group, as expected (19 -21) , was short (MST ϭ 11 days, n ϭ 7).
We next determined whether administration of TLR agonists during initiation of treatment with DST and anti-CD154 mAb would similarly shorten skin allograft survival. To test this, the remaining two groups of C57BL/6 mice were coinjected i.p. with LPS or poly I:C on day Ϫ7, the day of DST treatment and the first of four anti-CD154 mAb injections. Administration of either the TLR3 agonist poly I:C (MST ϭ 14 days, n ϭ 5) or the repurified TLR4 agonist LPS (MST ϭ 10 days, n ϭ 10) both led to acute allograft rejection (Fig. 1 ). Skin allograft survival in mice treated with TLR agonists was similar to that achieved in mice infected with LCMV (p ϭ NS). These data indicate that TLR activation is as effective as LCMV infection in abrogating skin allograft survival induced by costimulation blockade.
TLR agonists impair the deletion of alloreactive CD8 ϩ T cells when administered at the initiation of DST and anti-CD154 mAb treatment
We hypothesized that TLR agonists impair skin allograft survival induced by costimulation blockade by impairing the deletion of alloreactive CD8 ϩ T cells. To determine the fate of alloreactive CD8 ϩ T cells in a normal microenvironment, we used KB5 TCR transgenic hemopoietic "synchimeric" mice (39) . The TCR transgene is expressed by CD8 ϩ cells in CBA (H2 k ) mice and has specificity for H2-K b . In this system, the mice circulate a selfrenewing trace population of anti-H2-K b alloreactive CD8 ϩ T cells maturing in a normal microenvironment (39) . TLR2 (Pam 3 Cys), TLR3 (poly I:C), TLR4 (LPS), and TLR9 (CpG) agonists were tested for their ability to impair alloreactive CD8 ϩ T cell deletion and to shorten skin allograft survival in synchimeric mice treated with costimulation blockade.
As expected (21, 39, 45, 46) , treatment of KB5 synchimeras with DST on day Ϫ7 and anti-CD154 mAb on days Ϫ7 and Ϫ4 led FIGURE 1. LPS and poly I:C abrogate prolonged allograft survival induced by costimulation blockade in C57BL/6 mice. C57BL/6 mice were treated with BALB/c DST and anti-CD154 mAb according to our standard protocol with or without injection of the indicated TLR agonist or infection with LCMV on day Ϫ7 relative to transplantation with a BALB/c skin allograft on day 0. ‫,ء‬ Statistically significantly different than all others; p Ͻ 0.0001. a TLR agonists impair the deletion of alloreactive CD8 ϩ T cells in KB5 synchimeras. KB5 synchimeras were given the treatment indicated on day 0. PBL was collected from mice on day ϩ6 relative to treatment and stained with the clonotypic mAb DES, followed by the DES detection mAb (anti-mouse IgG2a-FITC) and anti-CD8-PerCP mAb as described in Materials and Methods.
b P Ͻ 0.0001 vs. all other groups.
to a marked depletion of alloreactive CD8 ϩ T cells on day Ϫ1 relative to skin grafting on day 0 (Table I ). The circulating level of CD8 ϩ DES ϩ T cells fell from an average of 4.69 Ϯ 1.20% of PBLs to 0.55 Ϯ 0.50% (n ϭ 25). Deletion of alloreactive CD8 ϩ T cells was impaired by all TLR agonists tested ( p Ͻ 0.0001 vs DST and anti-CD154 mAb group, Table I ).
To confirm that the failure to delete alloreactive CD8 ϩ T cells in KB5 synchimeras treated with DST and anti-CD154 mAb was associated with short skin allograft survival, these mice were then transplanted with C57BL/6 skin allografts and given additional injections of anti-CD154 mAb on days 0 and ϩ4 relative to graft placement on day 0. We observed that, similar to C57BL/6 recipients of BALB/c skin allografts, KB5 CBA synchimeras treated with C57BL/6 DST and anti-CD154 mAb exhibited prolonged C57BL/6 skin allograft survival (Fig. 2 , MST ϭ 92 days, n ϭ 25). Corresponding to their failure to delete alloreactive CD8 ϩ T cells, all KB5 synchimeric mice treated with costimulation blockade plus a TLR agonist exhibited short skin allograft survival (Fig. 2 , MST ϭ 11-13 days, p Ͻ 0.0001 vs DST and anti-CD154 mAbtreated mice).
CD8 ϩ cells are required for LPS to shorten skin allograft survival induced by costimulation blockade
Our finding that TLR agonists impair the deletion of alloreactive CD8 ϩ T cells led us to investigate whether this impaired deletion was directly responsible for the shortened skin allograft survival. To test this, B6.CD8␣ Ϫ/Ϫ mice were treated with DST and anti-CD154 mAb in the presence of absence of coinjection with LPS. Allograft survival was comparable in tolerized B6.CD8␣
Ϫ/Ϫ mice in the absence (MST ϭ 50 days, n ϭ 18) or presence (MST ϭ 48 days, n ϭ 18, p ϭ NS) of LPS (Fig. 3) . As expected (39), B6.CD8␣ Ϫ/Ϫ mice not treated with costimulation blockade rapidly rejected BALB/c skin allografts (MST ϭ 10 days, n ϭ 4).
To confirm that LPS prevented the deletion of functionally active alloreactive CD8
ϩ T cells, we recovered spleen cells from C57BL/6 mice 22 days after initiation of treatment with costimulation blockade with or without coinjection of LPS, which was 15 days after receiving a BALB/c skin allograft. These cells were tested for their ability to rapidly produce IFN-␥ upon in vitro stimulation with alloantigen. Rapid production of IFN-␥ is a sensitive marker of functional effector/memory alloreactive CD8 ϩ T cells (24) . In C57BL/6 mice treated with BALB/c DST and anti-CD154 mAb, the percentage of CD8 ϩ T cells secreting IFN-␥ in response to H2 d donor-specific allogeneic stimulation was low (0.03 and 0.02%, n ϭ 2) and similar to that observed after stimulation with syngeneic cells (0.08 and 0.05%, n ϭ 2). In contrast, the percentage of CD8 ϩ T cells secreting IFN-␥ in mice treated with DST, anti-CD154 mAb, and LPS was markedly higher after allogeneic stimulation (2.34 and 3.18%, n ϭ 2) than after syngeneic stimulation (0.06 and 0.05%, n ϭ 2). These data indicate that TLR agonists impair the deletion of functional alloreactive effector CD8 ϩ T cells, and that CD8 ϩ T cells are responsible for the shortened skin allograft survival observed.
Costimulation blockade does not prevent the activation and proliferation of alloreactive CD8
ϩ T cells
We next investigated the response of alloreactive CD8 ϩ T cells in mice treated with costimulation blockade in the presence or absence of the TLR4 agonist, LPS. We first quantified the expression of the activation marker CD44 on the transgenic KB5 (DES ϩ ) CD8 ϩ population in the spleen 72 h after DST plus anti-CD154 mAb treatment. Naive KB5 CD8 ϩ T cells are CD44 low (15) . We observed that the majority of KB5 CD8 ϩ T cells were CD44 high in DST and anti-CD154-treated animals without (87.4 Ϯ 10.8%, n ϭ 13) or with LPS treatment (72.3 Ϯ 10.0%, n ϭ 13, Fig. 4) . The median fluorescence intensity (MFI) of CD44 expression in the DST plus anti-CD154 mAb treated group (MFI ϭ 542) was slightly higher than in the group also given LPS (MFI ϭ 337).
LPS in the absence of DST administration did not lead to a significant increase in the level of CD8 ϩ CD44 high T cells (11.1 Ϯ 4.77%, MFI ϭ 138, n ϭ 8) above that observed in untreated mice (7.84 Ϯ 2.97%, MFI ϭ 73, n ϭ 7, Fig. 4 ). These latter results document that LPS in the absence of Ag (DST) does not activate alloreactive CD8 ϩ T cells. Costimulation blockade did not prevent alloreactive CD8 ϩ T cells from acquiring an activated (CD44 high ) phenotype, but it was possible that these cells lacked the capacity to proliferate. To address this possibility, the expression of the nuclear proliferation Ag Ki-67 was quantified in the alloreactive CD8
ϩ T cell population in FIGURE 2. TLR agonists abrogate prolonged allograft survival induced by costimulation blockade in synchimeric CBA/J mice. KB5 synchimeras were treated with C57BL/6 DST and anti-CD154 mAb according to our standard protocol with or without injection of the indicated TLR agonist on day Ϫ7 relative to transplantation with a C57BL/6 skin allograft on day 0. Mice receiving the "'skin only" treatment received no preconditioning before transplantation. ‫,ء‬ Statistically significantly different than all others; p Ͻ 0.0001. Ϫ/Ϫ mice were given DST and anti-CD154 mAb according to our standard protocol with or without injection of LPS on day Ϫ7 relative to skin grafting on day 0. The difference between groups receiving DST and anti-CD154 mAb or DST, anti-CD154 mAb, and LPS was not significant; p ϭ NS.
the spleen 72 h after DST and anti-CD154 mAb treatment. At this time point, the absolute number of KB5 alloreactive CD8 ϩ T cells was much reduced in mice treated with costimulation blockade as compared with that observed in mice also given LPS (Table II) . We observed a higher proportion of cells expressing the Ki-67 Ag in mice treated with DST and anti-CD154 mAb (36.9 Ϯ 10.8%, n ϭ 6) than in mice treated with DST, anti-CD154 mAb, plus LPS (13.3 Ϯ 5.5%, n ϭ 6, p Ͻ 0.01, Fig. 5 ). In contrast, Ki-67 expression on alloreactive CD8 ϩ T cells in untreated mice (1.4 Ϯ 0.1%, n ϭ 3) and in mice treated with LPS alone (1.9 Ϯ 0.2%, n ϭ 5) was low. These results show that LPS does not increase the activation or proliferative phenotype of alloreactive CD8 ϩ T cells in mice treated with DST and anti-CD154 mAb, and that the few cells still present in mice treated with DST plus anti-CD154 mAb at 72 h were highly activated and proliferating.
LPS protects alloreactive CD8 ϩ T cells from apoptosis in mice treated with DST and anti-CD154 mAb
We next quantified the absolute number of transgenic alloreactive CD8 ϩ T cells in the spleens of KB5 synchimeras at 24, 48, 72, and 96 h after treatment with DST and anti-CD154 mAb in the presence or absence of LPS coadministration. LPS prevented the disappearance of the transgenic population from the spleen as early as 24 h after treatment with DST and anti-CD154 mAb (Table II) . In mice treated with DST and anti-CD154 mAb, 6.17 Ϯ 0.89 ϫ 10 5 splenic KB5 T cells were recovered as compared with 21.9 Ϯ 2.61 ϫ 10 5 KB5 CD8 ϩ T cells in mice given costimulation blockade plus LPS (Table II , p Ͻ 0.01). A small but significant decrease in KB5 cell number was observed in mice treated with DST, anti-CD154 mAb, and LPS compared with untreated mice ( p Ͻ 0.05), but this change was statistically similar to a decrease caused by treatment with LPS alone ( p ϭ NS). The transgenic CD8
ϩ T cell population then expanded dramatically in animals treated with DST, anti-CD154 mAb, and LPS at 72 h; this trend was not observed in mice treated with LPS alone (Table II) . These data show that LPS 1) prevents the loss of alloreactive CD8 ϩ T cells from the circulation as early as 24 h after costimulation blockade and 2) supports their Ag-specific proliferation and accumulation.
Alloreactive CD8 ϩ T cells were capable of proliferation in the presence of DST and anti-CD154 mAb regardless of LPS treatment (Fig. 5) , with no immediate dramatic deletion of alloreactive CD8 ϩ T cells following costimulation blockade in the presence of coadministration of LPS (Table II) . These data suggest that LPS prevented the initial deletion of alloreactive CD8 ϩ T cells induced by costimulation blockade and that the accumulation of alloreactive CD8
ϩ T cells at 72 h was more than simply expansion of a small population that survived an initial depletion. This observation led us to hypothesize that LPS might mediate its effect by protecting alloreactive CD8 ϩ T cells from apoptosis. To test this, apoptosis was measured in KB5 transgenic CD8 ϩ T cells 72 h after DST and anti-CD154 mAb treatment using the apoptotic marker annexin V in conjunction with the viability stain 7-AAD.
Although few cells remained at 72 h after DST and anti-CD154 mAb treatment (Table II, Fig. 6A ), a high percentage of these remaining cells stained with the apoptosis marker annexin V (42.3 Ϯ 12.9%, n ϭ 8, Fig. 6A ). These data suggest that the proliferating, activated alloreactive T cells in mice treated with costimulation blockade were being driven into apoptotic cell death. Strikingly, not only were more transgenic CD8 ϩ cells present in mice treated with DST, anti-CD154 mAb plus LPS at 72 h, but ϩ T cells have an activated phenotype 72 h after treatment with DST and anti-CD154 mAb. KB5 synchimeras were treated with DST and anti-CD154 mAb in the presence or absence of coinjection with LPS and analyzed 72 h later. Splenocytes were stained with purified DES mAb, followed by the DES detection mAb (antimIgG2a-FITC), anti-CD8-PerCP mAb, and anti-CD44-allophycocyanin mAb. Samples were fixed and analyzed by flow cytometry. Samples were gated on DES ϩ CD8 ϩ lymphocytes and analyzed for CD44 expression. A, A summary of experimental mice in four independent trials with means indicated by the solid lines (n ϭ 7-13/group). B, Representative flow histograms showing CD44 expression on gated DES ϩ CD8 ϩ lymphocytes. Shaded histograms represent untreated control mice. The MFI of a representative sample from each experimental group is indicated in the upper left corner of each panel. The percentage of CD8 ϩ T cells that was CD44 high in the DST and anti-CD154 mAb-treated group was significantly higher than that observed in the DST, anti-CD154 mAb, and LPS-treated group; p Ͻ 0.001. also a significantly lower percentage of these cells were undergoing apoptosis (13.4 Ϯ 4.4%, n ϭ 8, p Ͻ 0.0001 vs DST and anti-CD154 mAb, Fig. 6B ). This low level of apoptosis was similar to that observed in untreated synchimeric mice (8.8 Ϯ 4.3%, n ϭ 6) and synchimeric mice treated with LPS alone (10.8 Ϯ 4.5%, n ϭ 6). These data suggest that the accumulation of alloreactive T cells at 72 h was likely due to the combined effects of preventing their initial deletion at 24 h and preventing the apoptosis of activated alloreactive T cells at 72 h. In contrast, the CD8 ϩ DES Ϫ nontransgenic population in any of the treatment groups showed no increase in the level of apoptosis above that of untreated mice ( p ϭ NS, Fig. 6C ). This indicates that the apoptosis induced by DST and anti-CD154 mAb is restricted to the Ag-specific alloreactive T cell population and not simply a nonspecific effect of costimulation blockade or LPS treatment on CD8 ϩ T cells.
TLR4 is required on host but not donor origin cells or graft for the detrimental effect of LPS on skin allograft survival
It is possible that LPS abrogates skin allograft survival by engaging TLR4 on cells of host origin, or conversely, by engaging TLR4 directly on cells in the DST or skin allograft. To address the influence of host TLR4 expression on the effects of costimulation blockade, C57BL/10ScSnJ (TLR4 ϩ/ϩ ) and C57BL/10ScNJ (TLR4 Ϫ/Ϫ ) mice were treated with BALB/c DST, anti-CD154 mAb, and given BALB/c skin allografts with or without coinjection of LPS at the time of administration of DST and anti-CD154 mAb.
Treatment of TLR4 ϩ/ϩ C57BL/10ScSnJ mice with DST and anti-CD154 mAb led to prolonged skin allograft survival (MST ϭ 76 days), which was shortened by LPS treatment (MST ϭ 15 days, p Ͻ 0.0001, Fig. 7 ). In contrast, TLR4
Ϫ/Ϫ mice treated with DST and anti-CD154 mAb in the presence (MST Ͼ128 days) or absence (MST Ͼ128 days) of LPS exhibited comparable skin allograft survival ( p ϭ NS, Fig. 7) . Interestingly, skin allograft survival was significantly prolonged by costimulation blockade in TLR4 Ϫ/Ϫ mice as compared with that achieved in TLR4 ϩ/ϩ mice ( p Ͻ 0.05). These data suggest that TLR4 expression is required on host cells for LPS to abrogate prolonged skin allograft survival induced by DST and anti-CD154 mAb.
To study the role of TLR4 expression on the DST and graft, the converse experiment was performed. C57BL/6 (TLR4 ϩ/ϩ ) mice FIGURE 5. Alloreactive CD8 ϩ T cells are proliferating in the spleen 72 h after treatment with DST and anti-CD154 mAb. KB5 synchimeras were treated with DST and anti-CD154 mAb in the presence or absence of injection of LPS and analyzed 72 h later. Splenocytes were stained with the clonotypic Ab DES, followed by the DES detection mAb (anti-mIgG2a-FITC), anti-CD8-PerCP mAb and anti-CD44-allophycocyanin mAb. Cells were then fixed, permeabilized, and stained for the nuclear proliferation Ag Ki-67 with an anti-Ki-67-PE mAb. Samples were gated on DES ϩ CD8 ϩ lymphocytes and analyzed for Ki-67 expression. A, A summary of experimental mice from two independent experiments with the mean indicated by the solid lines (n ϭ 3-6 mice/group). B, Representative flow dot plots showing CD44 and Ki-67 expression in gated DES ϩ CD8 ϩ lymphocytes.
FIGURE 6. LPS protects alloreactive CD8
ϩ T cells from apoptosis in mice treated with costimulation blockade. KB5 synchimeras were treated with DST and anti-CD154 mAb in the presence or absence of coinjection of LPS and analyzed 72 h later. Splenocytes were stained with the clonotypic Ab DES, followed by the DES detection mAb (anti-mIgG2a-FITC), anti-CD8-PerCP mAb, Annexin V PE , and the viability dye 7-AAD. A, Representative contour plot showing annexin V staining after gating on live
ϩ T cells binding annexin V. Graphs represent combined data from two independent experiments (n ϭ 6 -9 mice/group).
were given C.C3-Tlr4
Lps-d /J (TLR4 Ϫ/Ϫ ) DST, anti-CD154 mAb, and a C.C3-Tlr4
Lps-d /J skin allograft in the presence or absence of LPS administration. Similar to what we observed with TLR4 ϩ/ϩ BALB/c DST and skin graft donors (Fig. 1) , allograft survival in the absence of LPS (MST ϭ 48 days, n ϭ 9) was shortened following LPS treatment (MST ϭ 11 days, n ϭ 8, p Ͻ 0.0001). These data show that the effect of LPS is on host cells, not donor cells or graft.
TNFR2 and IL-12R are not required for LPS to shorten skin allograft survival induced by costimulation blockade
LPS might prevent apoptosis by providing a survival signal to CD8 ϩ T cells by inducing the production of the cytokines IL-12 or TNF-␣. CD8
ϩ T cells express IL-12R (47) and TNFR2 (48, 49) , and TNF-␣ and IL-12 are two cytokines that can provide "signal 3" to CD8 ϩ T cells and enhance their activation and the generation of effector function (47) (48) (49) (50) (51) (52) . To address the possible role of the TNFR2 and IL-12 receptors in mediating the detrimental effects of LPS on graft survival, B6.IL-12R Ϫ/Ϫ and B6.TNFR2 Ϫ/Ϫ mice were treated with DST, anti-CD154 mAb, and given skin allografts in the presence or absence of LPS coadministration.
Treatment of B6.TNFR2 Ϫ/Ϫ mice with DST and anti-CD154 mAb led to prolonged skin allograft survival (MST ϭ 68 days, n ϭ 4), which was shortened by LPS treatment (MST ϭ 11 days, p Ͻ 0.005, Fig. 8) . Similarly, treatment of B6.IL-12R
Ϫ/Ϫ mice with DST and anti-CD154 mAb led to prolonged skin allograft survival (MST ϭ 91 days, n ϭ 8), which was also shortened by LPS treatment (MST ϭ 12 days, n ϭ 4, p Ͻ 0.005, Fig. 8 ). These data suggest that signaling through neither TNFR2 nor IL-12R is required for the effects of LPS on allograft survival in tolerized mice.
Discussion
Costimulation blockade protocols are effective in animal models, but it will be important for their implementation in the clinic to determine how environmental perturbants may affect the prolongation of allograft survival induced by costimulation blockade. We have shown that infection with LCMV at the time of the initial treatment with DST and anti-CD154 mAb abrogates prolonged allograft survival (this paper and Ref . 20); however, the mechanism underlying this observation is not known. We hypothesized that LCMV activates innate immunity through TLRs, an idea supported by the fact that mice deficient in the TLR-associated adaptor molecule MyD88 do not mount a robust anti-LCMV response and fail to clear the virus (33) . TLR activation has many of the same effects on APCs as CD40 activation, including up-regulation of the costimulatory molecules CD80 and CD86 (36) . Activation of TLRs could mature APCs and provide full activation to alloreactive T cells in the presence of CD40-CD154 blockade. This hypothesis is appealing because it has been demonstrated that treatment of cell lines or allogeneic cells with the TLR3 agonist poly I:C leads to the cross-priming of host APCs (53) .
In this study, agonists of TLR2 (Pam 3 Cys), TLR3 (Poly I:C), TLR4 (LPS), and TLR9 (CpG DNA) were all capable of shortening allograft survival and impairing the deletion of alloreactive CD8 ϩ T cells in mice treated with costimulation blockade. The fact that all TLR agonists had these effects is interesting but not surprising because the TLRs assayed have downstream pathways that are both shared and unique among the receptors tested (26, 54 -56) . Our data raise the possibility that a shared pathway might be involved. The MyD88-dependent pathway is common to TLR2, TLR4, and TLR9, but TLR3 can signal through a MyD88-independent pathway (29) . Interestingly, the MyD88 adaptor molecule has been implicated in the rejection of minor allogeneic mismatches; MyD88 is essential for a female mouse to reject a male skin graft (35) . In contrast, MyD88 is not essential for rejection of fully MHC-mismatched allografts, although the nature of the immune response is biased toward a Th2 response (57) . We are currently addressing the involvement of MyD88 and other TLR-associated adaptor molecules using genetic knockout mice.
The TLR4 agonist LPS did not increase the capacity of Ag to stimulate alloreactive CD8 ϩ T cells. Alloreactive CD8 ϩ T cells were activated and proliferated in mice treated with DST and anti-CD154 mAb in the presence or absence of LPS. It is interesting to note that coadministration of LPS actually decreased the percentage of activated (CD44 high ) and proliferating (Ki-67 ϩ ) alloreactive 
CD8
ϩ T cells at 72 h in mice treated with costimulation blockade. This reduced frequency of activated, proliferating cells may be associated with protection of these cells from apoptosis. It has been reported that activation and proliferation are molecularly linked to apoptosis (58 -60) , and the increased frequency of proliferating cells in mice treated with costimulation blockade in the absence of LPS at this time point appears to be associated with an increase in apoptosis as determined by annexin V staining. These data mimic our previous findings that alloreactive CD8 ϩ T cells up-regulate CD44 after DST and anti-CD154 mAb treatment in an adoptive transfer model (15) . It should also be noted that alloreactive CD8 ϩ T cells from mice treated with LPS alone had a naive CD44 low Ki-67
Ϫ phenotype similar to that observed in untreated mice, confirming that activation and proliferation requires Ag (DST) and is not simply a "nonspecific" response to LPS.
The fact that costimulation blockade does not prevent the initial activation of alloreactive CD8
ϩ T cells suggests that LPS is inducing an essential factor that determines whether the Ag-activated CD8
ϩ T cells will be deleted or survive, and perhaps determine allograft survival and rejection. This is supported by the fact that LPS also prevents the early Ag-dependent loss of alloreactive CD8 ϩ T cells from the circulation at 24 h in mice treated with DST and anti-CD154 mAb. We have previously observed that DST in the absence of anti-CD154 mAb leads to a rapid, but nondeletional, reduction of alloreactive T cells from the circulation (46) . This is similar to the redistribution of Ag-activated CD8 ϩ T cells to nonlymphoid tissues that has been described previously (61) (62) (63) . In mice treated with DST plus anti-CD154 mAb, we observed a deletional loss of alloreactive T cells, whereas in mice coinjected with LPS, we observed that the Ag-induced redistribution and reduction of activated CD8
ϩ T cells at 24 h is prevented. This observation also excludes the possibility that the accumulation of alloreactive CD8 ϩ cells at 72 h is the result of the proliferation of only a small population of cells that survive deletion.
LPS also decreases the frequency of apoptotic alloreactive CD8 ϩ T cells observed at 72 h after treatment with DST and anti-CD154 mAb. These data suggest that LPS acts to both prevent the early loss of alloreactive T cells in mice treated with costimulation blockade and to protect these cells from apoptosis during Agdriven activation and proliferation. It is important to note that LPS does support the accumulation of these cells later (at 72 h after treatment) and that this likely contributes to allograft rejection. The small decrease in alloreactive CD8 ϩ T cell number observed in LPS-treated mice, regardless of DST and anti-CD154 mAb treatment, is probably due to type I IFN production. It has been established previously that poly I:C induces a type I IFN-dependent attrition of CD8 ϩ T cells (64) . The hypothesis that LPS protects alloreactive CD8 ϩ T cells from death is further buttressed by our findings that LPS prevents apoptosis induced by costimulation blockade. Furthermore, the CD8 ϩ T cells protected from apoptosis are functionally active as evidenced by their ability to rapidly produce IFN-␥ upon in vitro allogeneic stimulation. Supporting our observation that LPS prevents apoptosis, we observed that caspase 3 protein expression is much lower in alloreactive KB5 CD8 ϩ T cells in mice treated with DST, anti-CD154 mAb, and LPS as compared with mice that were not injected with LPS (T. B. Thornley, unpublished observations). These data suggest that LPS may alter the balance of proapoptotic and antiapoptotic molecules in Ag-activated T cells, a possibility we are currently investigating. This result also supports earlier evidence that mice defective in apoptotic pathways are resistant to induction of transplantation tolerance (17) . More recently, Monk et al. (65) have proposed that the allograft prolonging effects induced by anti-CD154 mAb are mediated by a complement-dependent mechanism. However, the ability of LPS to prevent alloreactive CD8 ϩ T cell deletion argues against a complement-dependent mechanism. Moreover, we have observed that complement-deficient mice treated with DST and anti-CD154 mAb exhibit prolonged allograft survival, further suggesting that complement-mediated cell destruction is not the primary mechanism by which anti-CD154 mAb mediates its effects in this model (T. G. Markees, unpublished observations).
We further established that the impaired deletion of alloreactive CD8 ϩ T cells is a prerequisite for the ability of LPS to abrogate prolonged allograft survival induced by costimulation blockade. Mice that are deficient in CD8 ϩ T cells reject skin allografts with the same kinetics when treated with DST and anti-CD154 mAb with or without coinjection of LPS. These data suggest that TLR agonists act to prevent prolonged allograft survival induced by costimulation blockade by altering the response of alloreactive CD8 but not CD4 T cells, a hypothesis we are currently investigating using an alloreactive CD4
ϩ TCR-transgenic model system. It is unlikely that lack of dendritic cells expressing the CD8␣␣ homodimer is responsible for this observation because it has been shown that dendritic cells isolated from CD8␣-deficient mice produce levels of IL-12 that are comparable to those observed in wildtype animals (66) . It is also known that CD8 ϩ T cells are not absolutely required for the rejection of skin allografts, because CD8-deficient mice promptly reject them in the absence of preconditioning (67) . Therefore, LPS promotes the rejection of allografts through a CD8-dependent mechanism.
Importantly, we document that signaling through TLR4 is the mechanism by which LPS mediates its detrimental effects on allograft survival in mice treated with costimulation blockade. For these effects, TLR4 expression is essential on host cells, but not DST or graft. This is interesting because host transgenic KB5 CD8 ϩ T cells recognize native Ag by direct Ag presentation (38) , and the lack of a requirement for TLR4 on DST or the graft suggests that LPS-induced maturation of donor H2 b -expressing APCs is not responsible for its effects on graft survival. It is possible, however, that the induction of host cytokines mature donor APCs indirectly, a possibility we are currently investigating. Furthermore, because we used repurified LPS, these data document that LPS is mediating its effect through TLR4, and not through potential lipopeptides that are contaminants of unpurified LPS (42) .
Neither IL-12R nor TNFR2 was required for LPS to break the induction of prolonged allograft survival by costimulation blockade. Signal 3 is required for complete T cell activation and effector function; however, it is also known that adjuvant can provide an alternative signal 3 that is not IL-12 (47) . We are currently investigating other potential sources of signal 3 induced by TLR agonists and viral infections, including type I IFNs (68) .
The ability to identify the specific TLRs involved in LCMVmediated abrogation of prolonged allograft survival induced by costimulation blockade is complicated by the fact that viruses can interact with multiple TLRs. TLR3, the TLR identified as recognizing dsRNA (69) , is a prime candidate for targeting by LCMV. However, despite the fact that MyD88-deficient mice fail to mount an effective anti-LCMV response, TLR3-deficient mice are capable of mounting antiviral responses and clearing LCMV (70) . This suggests that LCMV might activate the innate immune system through two or more TLRs. Furthermore, it can be inferred from our previous data that viruses do not always abrogate the effects of costimulation blockade by acting through TLRs. We have previously demonstrated that mice inoculated with LCMV 1 day after transplantation exhibit shortened allograft survival after treatment with DST and anti-CD154 mAb; however, mice injected with poly I:C do not (19) . This stands in contrast to our current findings that all TLR agonists assayed shorten skin allograft survival to the same degree as LCMV when administered with the first injection of DST and anti-CD154 mAb (Fig. 1) . Therefore, viruses probably shorten allograft survival by different mechanisms when mice are infected at the time of DST vs 1 day after transplantation.
DST and anti-CD154 mAb costimulation blockade induces prolonged allograft survival with a specificity that makes it very appealing; however, the negative impact of viral infections on costimulation blockade has cast some doubt on its efficacy in a nonpathogen-free environment such as that experienced in the "real world" of transplantation in the clinic. Understanding the underlying mechanisms by which viruses and environmental perturbants interfere with costimulation blockade may yield novel strategies that will ultimately overcome this hurdle in making costimulation blockade a clinically viable protocol.
